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ABCA is a subfamily of ATP-binding-cassette (ABC) transporter genes. In this subfamily, it was found that five ABCA genes cluster in a head-
to-tail pattern in the human and mouse genomes, but only one was found in fish. To understand better the evolution of this cluster of genes, we
screened 11 vertebrate genome sequences and newly identified 28 ABCA cluster genes. Comparative genomic analysis reveals that the ABCA5
gene is relatively evolutionarily conserved. In contrast, the repertoires of the other ABCA genes in this cluster diverge tremendously among
species, which is due mainly to postspeciation duplications. In addition, maximum likelihood analysis reveals that positive selection is acting on
the paralogous genes ABCA6 and Abca8a, suggesting that these two genes have possibly acquired new functions after duplication. Because most
eukaryotic ABC proteins integrate into the cytoplasmic membrane and transport a wide range of substrates across it, we conjecture that newly
duplicated ABCA cluster genes are under diversifying selection for the ability to recognize a diverse array of substrates.
© 2006 Elsevier Inc. All rights reserved.Keywords: Gene family; ABCA chromosome 17q24 cluster; Positive selection; Gene duplication; EvolutionATP-binding-cassette (ABC) transporters belong to one of
the largest protein superfamilies that is widely distributed among
prokaryotic and eukaryotic organisms. Most ABC proteins inte-
grate in plasma membrane or membranes of cellular organelles
and transport a wide range of substrates across them [1–3]. A
functional ABC transporter generally contains at least two
transmembrane domains (TMD) and two nucleotide binding
domains (NBD) [2]. Each of the NBD contains three motifs:
Walker A, Walker B, and signature C. Walker A and B motifs
found in all ATP-binding proteins span 90-120 amino acids and
contain characteristic conserved residues, whereas signature C,
standing just upstream of the B motif, is unique to the ABC
transporters. In contrast with the conserved NBD, the TMD
comprising 6-11 membrane-spanning α-helices possesses
highly diversified sequences that make them potentially able
to bind various substrates [4].
The ABC superfamily can be classified into seven sub-
families, namely ABCA-ABCG [3]. To date, a total of 57 mam-⁎ Corresponding author. Fax: +86 592 2181015.
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doi:10.1016/j.ygeno.2006.07.015malian ABC genes, including 17 ABCA genes and 40 ABCB-G
genes, have been reported [5–7]. The gene number of each
subfamily usually appears very conserved among all vertebrate
genomes. But the ABCA subfamily does not display such
conservation. Only 7 of 17 ABCA genes (41%) are present across
all vertebrate genomes, in contrast to 69-100% presences of
other subfamilies [5]. The dynamic pattern of ABCA subfamily
evolution may be caused mainly by extensive expansion and
subsequent gene loss in a cluster of vertebrate ABCA genes [5].
In human beings, this gene cluster is located on chromosome
17q24 and contains five ABCA genes-ABCA6, ABCA8, ABCA9,
ABCA10, and ABCA5. However, just a single gene, the ABCA5
ortholog, was observed in fish genomes [5]. For convenience, in
this paper we call this gene cluster “ABCA-chr17q24 cluster.” It
is interesting to investigate when the gene cluster expanded
during vertebrate evolution and the evolutionary forces behind
the gene expansion. Although Annilo and his colleagues [9]
analyzed the evolutionary history of ABCA-chr17q24 cluster
genes in mouse and human, the long-term evolutionary pattern
of the vertebrate gene cluster has remained largely uncharacte-
rized. A comparative analysis of this cluster in vertebrates is a
386 G. Li et al. / Genomics 89 (2007) 385–391powerful way to illuminate further the molecular evolution of
ABCA-chr17q24 cluster genes. To address the role of adaptive
evolution of these genes after their expansion, we used the
recently available vertebrate draft genome sequences to identify
the complete ABCA-chr17q24 cluster repertoire among the ver-
tebrate taxa and subsequently to conduct an evolutionary ana-
lysis of these genes.
Results
Vertebrate ABCA-chr17q24 cluster genes
To identify ABCA-chr17q24 cluster genes in vertebrates, we
searched 11 vertebrate genome sequences (see Materials and
methods) with the known human and mouse protein sequences
as queries. The organizations of ABCA genes in the cluster
retrieved from the various vertebrate species are shown in Fig. 1.
Five genes in the ABCA-chr17q24 cluster were identified from
both rat and opossum genome sequences, consistent with the
previous description in human [8] andmouse [9]. In addition to 1
dog pseudogene (dog ABCA10) and 1 chimpanzee partial gene
(chimpanzee ABCA9), 4 intact genes were identified in both the
chimpanzee and the dog genome sequences. Dog ABCA10 was
regarded as a pseudogene because its open reading frame
consisting of 2160 bp is disrupted by seven premature stop
codons and it is clustered with the other examined ABCA10
genes with a 100% bootstrap value (data not shown); chim-
panzee ABCA9 was considered a putatively functional gene for
this paper because its open reading frame is undisrupted in the
available sequences, although the sequence is partial due to
incomplete genome sequence. Comparison of results revealedFig. 1. The organizations of ABCA-chr17q24 cluster genes in several representative
cluster genes because it is same as that of human. Similarly for rat as well as zebrafis
not drawn to scale. Arrows represent transcriptional orientation. Numbers below gen
frog ABCA-chr17q24 cluster genes are not on the same chromosome or scaffold inthat the gene number of ABCA-chr17q24 cluster varies in
nonmammalian vertebrates. For example, chicken and frog have
3 and 4 genes in the cluster, respectively, whereas only 1 gene
was identified in each of three fish. During the preparation of this
article, Dean et al. [5] described the same gene numbers of
ABCA-chr17q24 cluster in chicken, zebrafish, and fugu. As
presented in Table 1, a total of 28 putatively functional ABCA-
chr17q24 cluster genes were newly identified in the present
study.
To clarify the evolutionary relationship among genes of the
ABCA-chr17q24 cluster in vertebrates, 27 of those newly iden-
tified putative functional genes (not including the partial
chimpanzee ABCA9) together with 11 previously described
genes were used to reconstruct the phylogenetic tree using the
neighbor-joining method [10] with Poisson protein distances
[11] (Fig. 2). In addition, we identified an ABCA gene from the
sea squirt (Ciona intestinalis) genome sequence and added it to
the present analysis. The phylogenetic analysis shows that all
ABCA5 genes from different taxa form one monophyletic
clade supported by an 89% bootstrap value, indicating that the
origin of these genes occurred after the separation of Urochor-
data and Vertebrata; further, the other genes (hereafter called
“non-ABCA5 genes”) harbored in the ABCA-chr17q24 cluster
from all vertebrates form another monophyletic clade, suggest-
ing that the divergence between ABCA5 and non-ABCA5 genes
occurred after the split of tetrapods and teleosts. In contrast to
ABCA5, which is conserved throughout all vertebrates without
duplication, the non-ABCA5 genes rapidly duplicated in tetra-
pods in a lineage-specific pattern. As presented in Fig. 2, all
lineage-specific gene duplications occurred in non-ABCA5
genes. For example, placental-specific and marsupial-specificvertebrates. (We do not show the organization of chimpanzee ABCA-chr17q24
h and fugu, we present only the organizations of mouse and tetraodon.) They are
es indicate their deduced starting and ending positions. *Pseudogene. Since four
the current version, we use double-parallel marks to denote cluster breaks.
Table 1
ABCA-chr17q24 cluster genes in 11 vertebrates
Species No. of functional genes Identity of protein
sequence coded by
non-ABCA5 genes
ABCA5 Non-ABCA5
genes
Human 1 4 63–76%
Chimpanzee a 1 (1) 4 (4) 63–64%
Dog 1 (1) 3 (3) 60–74%
Mouse 1 4 53–69%
Rat 1 4 (4) 53–65%
Opossum 1 (1) 4 (4) 70–78%
Chicken 1 (1) 2 (2) 54%
Frog 1 (1) 3 (3) 72–80%
Zebrafish 1 (1) 0 –
Tetraodon 1 (1) 0 –
Fugu 1 (1) 0 –
Protein sequence
identity (%)
59–98%b – –
The number of newly identified genes is given in parentheses.
a The partial ABCA9 sequence is treated as a functional gene, but not
included in the analysis.
b Sequence identity for mammal–bird–amphibian ABCA5 orthologous genes.
387G. Li et al. / Genomics 89 (2007) 385–391clades were found in addition to the frog-specific and chicken-
specific duplications. Interestingly, we also found that ABCA10
exists only in primates and Abca8a appears uniquely in rodents.
There are two possibilities to explain this observation. First,
these two genes could have been produced by independent
duplication in a particular lineage; alternatively, the genes might
have been retained in a particular lineage and lost in other
lineages. The latter interpretation is preferred for the evolution of
ABCA10, considering the pseudogene identified from the dog
genome in the present study.
In contrast, we did not detect any signal for ABCA8a in the
dog and human genomes. Thus, we adopted a molecular clock to
estimate the age of ABCA8a. The protein sequences of the Ab-
ca8a and Abca8b genes from both mouse and rat were used for
the analysis, with mouse Abca9 protein as the outgroup. The
branch-length test [32] showed that the two Abca8 genes have
evolved at similar rates (p<5%, Z test). Assuming that the split
of mouse and rat occurred ~15 million years ago (Mya) [34] and
using the evolutionary rate of Abca8a or Abca8b, we estimated
that Abca8a originated 24 to 38 Mya. As such, Abca8a origi-
nated much more recently than the 75-Mya split of rodents from
primates, suggesting that this gene was a lineage-specific dupli-
cation in rodents.
Adaptive diversification after gene duplication in the
ABCA-chr17q24 cluster
The ratio of the number of nonsynonymous substitutions per
nonsynonymous site (dN) to the number of synonymous sub-
stitutions per synonymous site (dS) is a commonly used criterion
for detecting selective pressures in protein-coding sequences.
When the rate ratioω=dN/dS>1, it indicates that a gene is under
positive selection, ω=1 suggests a neutral mode of evolution,
andω<1 suggests purifying selection. To examine the pattern of
nucleotide substitutions, dS and dN were estimated by the
maximum likelihood method using the CODEML program ofthe PAML package [36]. First, we employed the “site-specific”
method to investigate the distribution of selection pressure
(ω=dN/dS) among sites in a duplicated gene. As presented in
Table 2, the likelihood ratio test by Model M8a vs M8 was
significant, suggesting that the selective pressure varies among
amino acid sites. In addition, the estimated value of ω under M8
is larger than 1, indicating that positive selection might have
operated on these genes. In total, 19 sites were identified to be
under positive selection with posterior probabilities higher than
95% (Table 2), as estimated by the conservative Bayes Empirical
Bayes method [12,13]. It is important to note that these inferred
positively selected sites are unevenly distributed among the
domains of the ABCA protein (Fig. 3). The proportion of
positively selected sites in C-TMD is 89.5% (17/19), which is
significantly greater than expected under a homogeneous
distribution model since C-TMD constitutes only about 29.4%
(332/1129) of the entire protein (χ2 test, p<1%).
To resolve more precisely the mode and tempo of adaptive
evolution, we focused on the mammalian lineage, which
underwent more extensive expansion than other lineages, and
tested whether positive selection was acting using the recently
improved branch-site likelihood method [13]. Given that a
similar result was acquired whether we treated ABCA8a as a
rodent-specific duplication or as a retention (i.e., whether
ABCA8a was rooted on the rodent Abca8b branch or at the base
of all ABCA8b genes), the tree in Fig. 2 was adopted for the
analysis. The tree presents the five interior branches (I-V)
immediately postdating the duplication events assigned sepa-
rately as the foreground and all other branches in the mammalian
ABCA tree specified as the background branches. The test results
(Table 2) show significant signals of positive selection in bran-
ches I and IV. Branch I is the ancestor branch of the ABCA6 gene
clade, and branch IV is the ancestor branch of the ABCA8a gene
clade. Furthermore, we tried to determine if the target of positive
selection had changed shortly after duplication of these two
genes. We examined the Bayes Empirical Bayes posterior
probabilities for site class 2a under the improved branch-site
test, which has been shown to be conservative and robust
against violations of various model assumptions [12,13]. At the
level of p>95%, one site in branch I and three different sites in
branch IV were identified as potential targets of positive
selection (Table 2). Further, at the p>80% level, none of the
six sites in branch I or the six sites in branch IV were the same.
Given that there are 332 amino acids in the C-TMD, a substantial
overlap between branch I and branch IV would have been strong
evidence that the two genes were subject to similar selection
pressures. As it is, the lack of any overlap leaves open the
possibility that ABCA8a and ABCA6 have evolved based on
different selection pressures.
Discussion
In the present paper, we described 28 ABCA-chr17q24 clus-
ter genes from 11 vertebrate genome sequences newly identified
by computational methods. Combining these 28 genes with 11
members reported earlier, we conducted an evolutionary
analysis of the cluster of ABCA genes and found that ABCA5
Fig. 2. Phylogenetic relationship of the vertebrate ABCA-chr17q24 cluster genes. The tree was reconstructed by the neighbor-joining method with protein Poisson
distances. Bootstrap percentages are shown on interior branches. The chimp ABCA9 gene was not included because it was only a partial copy. The orthologous Ciona
ABCA gene is used as an outgroup. Branches I-IV are used as foreground in the analysis of the branch-site model. Human ABCA8 was renamed ABCA8b since it is
phylogenetically related to mouse ABCA8b.
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might have a vital and conserved physiological function in all or
many taxa. Sequence identity analysis shows that the amino acidsequences of ABCA5 are more conserved than those coded by
the remaining genes in this cluster among vertebrates (Table 1).
In addition, the expression profiles of ABCA5 are also conserved
Table 2
Detection of positive selection in the duplicated ABCA-chr17q24 cluster genes
Model 2Δl a Estimates of parameters Positively selected sites b
Site-specific
model: M8
vs M8a
70.34 ⁎ p=0.725, q= 1.737,
p0=0.942, p1=0.058
ω=1.626
147D, 522M, 643R, 648S,
715G, 717Q, 747T, 755L,
770D, 771F,773S, 774L,
776R, 777E, 778V, 779N,
780K, 781T, 958A
Branch-site
models c
Foreground
branch I
14.87 ⁎ p0=0.683, p1= 0.294,
p2=0.087 ω0= 0.170,
ω2=23.175
1088E
Foreground
branch II
2.8900 p0=0.686, p1= 0.296,
p2=0.017 ω0= 0.170,
ω2=5.493
None
Foreground
branch III
0.0000 p0=0.696, p1=0.304,
p2<0.001 ω0= 0.170,
ω2=NA
None
Foreground
branch IV
19.16 ⁎ p0=0.685, p1= 0.297,
p2=0.019 ω0=0.170,
ω2=∝
162E, 196K, 832Q
Foreground
branch V
0.0900 p0=0.696, p1=0.304,
p2<0.001 ω0= 0.170,
ω2=NA
None
NA (not available) indicates p2 was 0, effectively reducing the alternative model
to the null model.
a Twice the difference between the log-likelihood of the alternative model
and that of the null model.
b Sites with the Bayes Empirical Bayes posterior probabilities higher than
95% are given.
c The foreground branches are depicted in Fig. 2.
⁎ Significant at 0.001 with df=2.
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human ABCA5 and its orthologs in mouse and rat are highly
expressed in testis, whereas other genes in this cluster have
different tissue-specific expression patterns [8,9] (see below).
With the accumulation of functional data for this gene, it might to
be possible to understand its common physiological function in
more detail.
In contrast to ABCA5, the non-ABCA5 genes have remarkable
expansions in tetrapods, but no sequence related to non-ABCA5
was found in the teleosts. Phylogenetic analysis suggests thatFig. 3. Posterior probability of positively selected codon sites (ω>1) and their distrib
alignment. The y axis denotes the posterior probability of sites under positive selec
denote four main domains (gray rectangles) and spans (white rectangles). Numbers in
selected sites are shown for the “site-specific” model (dots) and the “branch-site”
indicate the 95% level (dotted) and the 80% level (solid).these genes expanded in each tetrapod lineage, with prominent
patterns of lineage-specific gene duplication. Interestingly, line-
age-specific gene duplications have also been described in
sensory system receptor genes (e.g., bitter taste receptor, olfactory
receptor, vomeronasal receptor 1, and vomeronasal receptor 2)
[14–20]. While the lineage-specific genes in sensory gene fami-
lies are presumably used for detecting lineage-specific ligands, the
lineage-specific ABCA genes are likely responsible for transport-
ing special substrates the different lineages encounter.
The appearance of these lineage-specific genes is likely due
to gene duplications and/or gene losses. Alternatively, they may
also have resulted from frequent gene conversions that have
homogenized gene sequences within species. We used Sawyer's
method [21] to examine gene conversion among paralogous
genes within species and found that gene conversion events
happened in human, dog, mouse, rat, and frog, but not in opos-
sum and chicken (Supplementary Table 1). However, the in-
ferred exon sequences involved in gene conversion are very
short in comparison to the full sequence length. Moreover, the
signals of gene conversion are drawn mainly from intron
sequences as previously described [9]. This result suggests that
gene conversion in exons might not have played a major role in
the evolution of ABCA-chr17q24 cluster genes and might not
affect our phylogenetic tree. In fact, we reconstructed the
phylogenetic tree after removing the exon segments involved in
gene conversion and acquired the same tree topology as pre-
sented in Fig. 2. Our phylogenetic analysis indicates that the
lineage-specific genes may be formed by postspeciation dupli-
cations and gene loss. As shown in Fig. 2, several lineage-
specific duplications have occurred in frog, chicken, and mam-
mals, suggesting that this cluster originated in the common
ancestor of tetrapods, followed by further independent expan-
sions in frogs, birds, and mammals.
Additionally, ABCA10 and Abca8a were found only in
primates and rodents, respectively. The observation of the
ABCA10 pseudogene in the dog genome suggests that this gene
originated before the divergence of the last common ancestor of
carnivore, primate, and rodent, but remained only in the primate
lineage (Figs. 1 and 2). Except for some repeat elements, we
could not identify any ABCA8a-like segment (including bothution among the amino acids. The x axis denotes the positions in the amino acid
tion. Boxes (divided following Ref. [33] after their alignment) under the graph
boxes represent the amino acid length of the main domain and span. Positively
models (ABCA6 branch, triangles; ABCA8a branch, circles). Horizontal lines
390 G. Li et al. / Genomics 89 (2007) 385–391exons and introns) in the human and dog genome sequences.
Further, the molecular clock analysis indicated that Abca8a was
produced by a rodent-specific duplication, which would seem to
be contradicted by the tree in Fig. 2 (i.e., ABCA8a is not rooted to
the rodent Abca8b branch). However, this explanation appears
to be more parsimonious than the loss of ABCA8a from non-
rodent lineages if we consider the accelerated mutation rate in
rodents [35], which could lead to the Abca8a gene being as
diverged from its progenitor (i.e., the rodent Abca8b gene) as it
is from all other ABCA8b genes.
Why did this cluster undergo a substantial expansion during
the evolution of vertebrates? To help answer this question, we
attempted to resolve the mode and tempo of selection pressure
acting on the ABCA-chr17q24 cluster. It is believed that there are
three evolutionary fates of duplicated genes: neofunctionaliza-
tion, subfunctionalization, and pseudogenization [22]. Neofunc-
tionalization is one of most important outcomes of duplicated
genes. The evolutionary force behind neofunctionalization is
positive selection. In this study, we found that ABCA6 and
Abca8a are under positive selection. Interestingly, the expres-
sion profile studies showed that both genes have tissue-specific
expression patterns. ABCA6 is expressed in liver, whereas
Abca8a is highly expressed in lung [8,9]. Similarly, tissue-
specifically expressed duplicated ABC transporter genes in
Caenorhabditis elegans were found to have differential physio-
logical functions, which may provide more effective drug resis-
tance [23]. Although little is known about their substrates and
biological functions, the tissue-specific expression patterns may
indicate that these two genes have distinctive functions. Fur-
thermore, an interesting observation from our analysis is that
ABCA6 and Abca8a have different sets of positively selected
sites. If the identified amino acid sites are indeed involved in the
interaction with substrates, this result suggests that these two
proteins bind to different substrates. It would be interesting to
investigate the substrate spectra of these proteins in the future.
Materials and methods
Identification of ABCA-chr17q24 cluster genes
The following ABCA-chr17q24 cluster genes were retrieved directly from
the GenBank: Human, ABCA5 (NM_018672), ABCA6 (NM_080284), ABCA8
(NM_007168), ABCA9 (NM_080283), and ABCA10 (NM_080282); mouse,
Abca5 (NM_147219), Abca6 (NM_147218), Abca8a (NM_153145), Abca8b
(NM_013851), and Abca9 (NM_147220); rat, Abca5 (NM_173307). Additional
genes belonging to this gene cluster were obtained by searching the available
vertebrate genome sequences at UCSC (http://genome.ucsc.edu) and Ensembl
(http://www.ensembl.org). These genome sequences include six mammals
(human, Homo sapiens; chimpanzee, Pan troglodytes; mouse, Mus musculus;
rat, Rattus norvegicus; dog, Canis familiaris; and opossum, Monodelphis
domestica), one bird (chicken, Gallus gallus), one amphibian (Western clawed
frog, Xenopus tropicalis), and three teleost fishes (zebrafish, Danio rerio;
pufferfish, Tetraodon nigroviridis; and fugu, Takifugu rubripes). TBLASTN
[24] was employed to search for ABCA-chr17q24 cluster genes in the above
genome sequences, with the previously reported protein sequences coded by
ABCA-chr17q24 cluster genes as queries. Because these genes contain introns,
we performed amore complex search strategy as described in [19,20]. Briefly, we
first BLASTed to identify the genomic location of putative ABCA-chr17q24
cluster genes. Then, the genomic sequences of the putative ABCA-chr17q24
cluster genes and the known ABCA-chr17q24 cluster protein sequences were
used to conduct gene-wise alignments (http://www.ebi.ac.uk/Wise2/), whichprovided the exon/intron structures and full-length protein sequences of the
putative genes. The newly identified genes that have no clear orthologous
relationship with previously reported ABCA genes were named ABCA20&n-
dash;ABCA28 in this paper (shown in Figs. 1 and 2).
Evolutionary analysis
The predicted amino acid sequences (with two TMDs and two NBDs) were
aligned by CLUSTAL_X [25] with manual adjustments and used to generate the
neighbor-joining tree [10] using MEGA2 [26] with protein Poisson distances
[11]. Gaps in the alignment were treated as missing data and removed in the
construction of the phylogenetic tree. The reliability of each node was assessed
by bootstrapping [27] with 1000 replications. The nucleotide sequences were
aligned according to the result of the amino acid sequence alignment and used in
the following maximum likelihood analysis. GENECONV version 1.81, based
on Sawyer's method [21], was used to detect gene conversion events. The
molecular clock hypothesis was tested using LINTREE [32].
To examine the pattern of nucleotide substitution, the number of synonymous
substitutions per synonymous site (dS) and the number of nonsynonymous
substitutions per nonsynonymous site (dN) were estimated by maximum like-
lihood using the CODEML program of the PAML package [36]. The sequence
segments involved in gene conversions were excluded in this analysis because
theymight introduce errors when testing for positive selection [28]. Two different
codon-substitution models were used in this paper. First, we performed analysis
of all vertebrate non-ABCA5 genes using site-specific models, which assume
variable selective pressure among sites but no variation among branches in the
phylogeny tree. Here we employed the recommended models [28,29]: M8a is the
“beta” model, as it uses a β distribution to model variable selection pressure
among sites. M8 is a “beta and omega” model, an extension of M8a that allows
for an extra parameter,ω, that can be >1. Likelihood ratio tests were conducted to
examine whether selection pressure varied among sites and Bayes Empirical
Bayes was used to determine which sites were under positive selection.
Second, we employed the recently modified branch-site method, which
assumes variable selective pressure among both sites and branches in the
phylogeny tree [13], to test for positive selection at sites along prespecified sets of
branches. This method has been shown to be conservative and robust against
violations of various model assumptions [13], unlike the previous version of the
test [30], which has a relatively high rate of false positives [31]. This newly
implemented branch-site method compares two models. The alternative model
assumes four classes of sites in terms of ω. Site class 0 contains codons that are
conserved throughout the tree with 0<ω0<1 estimated from the data. Site class 1
contains codons that are neutral throughout the tree with ω1=1. Site classes 2a
and 2b contain codons that are conserved or neutral on the background branches,
but become under positive selection on the foreground branches with ω2>1,
estimated from the data. The model has four parameters in theω distribution: p0,
p1, ω0, and ω2. The null model differs from the alternative model in that ω2 is
fixed at 1. Thus, a significantly higher likelihood of the alternative model
compared to that of the null model indicates positive selection on the foreground
branches.
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